Abstract: A Bacillus subtilis strain showed a variety of colony growth patterns on agar plates. The bacterium grew to a fractal colony through the diffusion-limited aggregation process, a round colony reminiscent of the Eden model, a colony with a straight and densely branched structure similar to the dense branching morphology, a colony spreading without any openings, and a colony with concentric rings, on plates with various agar and nutrient concentrations. The microstructures of these colonies were also characteristic and dynamic. The patterns of these bacterial colonies were thought to grow in relation to the diffusion of nutrient in the agar plate.
Introduction
Bacteria live and multiply in various environments. Bacterial colony growth obeys various physical, chemical, and biological laws and is controlled by factors in the environment. When some of the laws or factors predominantly play a role in the growth of bacteria under certain conditions, they can affect the morphology of the colonies grown, as will be explained. Thus, a bacterial strain could grow to colonies with various kinds of morphology on agar plates containing different constituents. On the other hand, the colony mor- phology also differs with the bacterial species. Certain species of bacteria generate morphologically characteristic colonies on agar plates.
In general, the mechanism of bacterial colony growth seems highly complex, Nevertheless, we found a Bacillus subtilis strain that grew with various characteristic colony patterns on agar plates and studied the growth patterns, including the diffusion-limited aggregation (DLA) model [1] , Eden model [2] , the dense branching morphology (DBM) [3] [4] [5] , and others.
The rules of the DLA model are as follows ( Fig. la) [6] : one chooses a seed particle as the origin of a' square lattice on a plane. Another particle is released far from the origin and is allowed to move at random. When it arrives at the nearest neighboring site to the origin, it sticks to the site. Then another particle is launched and moves until it reaches the nearest neighboring site of a cluster made of the two particles. Through the repetition of these procedures, a cluster grows with an outwardly open and randomly branched structure as shown by a computer simulation (Fig. lb) [7] . Its pattern is morphologically self-similar, implying that it is a fractal [8] .
The Eden model was intended to simulate the growth of tumors. Its rules are as follows [6] : an empty site next to the perimeter site of an Eden aggregate is choosen randomly, and it is added to the aggregate. An Eden cluster grown from a single seed on a plane leads to a compact object which is nearly a disc.
When it grows from a seed, DBM has almost straight branches with similar lengths, which are arranged radially. The mechanisms of its growth are not completely understood yet [6] .
We studied the growth patterns of B. subtilis colonies preliminarily from physical aspects [9] [10] [11] [12] . Herein, we studied these colony morpholo- Its diameter was about 47 ram.
gies and further attractive and dynamic microstructures of these colonies.
Materials and Methods
Bacterial strain A B. subtilis strain was isolated from food at our laboratory [9] [10] [11] [12] .
Agar plates
A solution of 5 g of sodium chloride, 5 g of potassium phosphate dibasic, and the designated amount of Bactopeptone (Difco Laboratories, Detroit, USA) as a single nutrient in 1 1 of distilled water, adjusted to pH 7.1, was mixed with the designated amount of Bactoagar (Difco).
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After heating at 121°C for 15 min, the mixture (20 ml each) was poured into a petri dish, 84 mm in diameter. Plates were allowed to harden completely and then dried at 50°C for about 1 h.
Inoculation and incubation
The strain was inoculated on the plate surface at the center of the agar disc. Plates were stored at 35°C in a humidified box for the designated period.
Fractal analysis
Colonies grown on the agar plates were photographed dearly through transmitted light from the bottoms of the plates. The photographs were analyzed digitally by a personal computer (PC9801VX, Nippon Electric Company, Tokyo, (a[i;i;i Japan) through an image-scanner (PC-IN503, Nippon Electric Company; maximum resolution of 240 × 340 pixels) to calculate the fractal dimension by the box counting method [13] .
Results

DLA pattern of colony growth
The organism was inoculated on the surface of agar plates containing a very low concentration of peptone (1 g 1 -t) and incubated at 35°C. On the second day after inoculation the morphology of the colony was rough and reticulate; its diameter was 5-10 ram. Random branches then emerged from the colony front and grew outwards on the agar surface. On the twenty-first day after inoculation the colony exhibited a randomly branching, open structure ( Fig. 2) , which is very similar to a two-dimensional DLA pattern (Fig. lb) . This colony pattern was a self-similar fractal. The fractal dimension D average of over 14 samples was D = 1.73 + 0.02, which was in good agreement with that of a DLA cluster.
Microscopically, the interior branches of this colony consisted of a mass of round cells (spores) (Fig. 3a) , whereas the growing sites of the colony, which were located at the tips of the outer branches, were made of rod-shaped cells (vegetative cells) (Fig. 3b) .
Eden type colony
With the increase in the nutrient concentration in the agar plate, the branches of the DLA colony were thicker and smoother and the entire morphology became rounder. At much higher nutrient levels a round colony was generated (Fig.  4) . Its morphology resembled an Eden cluster.
The interior and the perimeter sites of this colony both consisted of vegetative cells. Interestingly, a mosaic pattern was observed in the interior (Fig. 5a) . At the perimeter, bunches of strings consisting of bacterial cells linking back and forth were observed to wind several times over (Fig.  5b) . 
DBM type colony
At a lower agar concentration than for the DLA colony, a colony consisting of almost straight branches with the same length grew one day after innoculation, reminiscent of the DBM (Fig. 6) . Each branch of the colony consisted of vegetative cells (Fig. 7a) . At the growing head of the branch, vegetative cells moved markedly, especially just under the envelope (Fig. 7b) . Each head was observed to develope by pushing-out of the envelope cells by the inner cells which were moving intensively.
Spreading without any openings
At a lower agar concentration or higher nutrient concentration than in the DBM case, the organisms spread without any openings like a thin film on agar plates one day after innoculation. These cells were vegetative forms.
Periodic colony growth
A colony with concentric rings was generated on the agar plates with an agar concentration higher than that of the DBM type and lower than that of the DLA type and with a nutrient concentration higher than that of the DLA type and lower than that of the Eden type (Fig. 8) . The periodic pattern seems to be morphologically the repetition of the DBM growth and the spreading without any openings of the bacterium. The distances between rings and the width of each ring of the colony were both constant. This colony consisted of only vegetative cells.
A schematic phase diagram of the colony morphology
The various characteristic colony morphologies of the organism described above are summarized in Fig. 9 . This figure shows that each colony morphology is related to the diffusion of the nutrient particles in agar, which was determined by both agar and nutrient concentrations.
Discussion
In this study we found a B. subtilis strain that grew through the DLA process at a very low nutrient level on agar plates. This was confirmed by the following experimental evidence: (i) the colony had an outwardly open and randomly branched structure (Fig. 2); (ii) the colony morphology was a fractal with a fractal dimension of about 1.7; (iii) during incubation inner branches of the colony almost stopped developing, whereas outer branches continued developing outwardly [9] ; and (iv) two neighboring colonies on an agar plate grew repulsing each other [11] . These find- ings were all in good agreement with those of the computer simulations made on DLA [14] ) and physicochemical DLA growth experiments [15, 16] . In a preliminary study, there was no remarkable colony growth of the organism on a plate without peptone; the colony grown was like a pinhead with the diameter of at most 2 mm 21 days after innoculation. Branches of a DLA colony grew predominantly in the direction of higher peptone levels on a peptone gradient plate [11] . Therefore the nutrient (peptone) particles diffusing in agar are thought to correspond to the particles walking at random in the DLA m-o-del (Fig. la,b) . Branches of a DLA colony may grow through bacterial ingestion of nutrient particles which are diffusing in agar and accidentally attach to the colony-agar interface at the perimeter of the colony. Vegetative cells were found at the tips of the outer branches of a DLA colony (Fig.  3b) . These sites of the colony would have the potential to grow outwardly through the ingestion of nutrient particles which come from the outer space. Generally, the organism (a vegetative form) changes to a spore when the surrounding nutrient condition becomes poor. This explains why the inner branches of the colony consisted of only spores (Fig. 4a) , where there would be considerably fewer diffusing nutrient particles.
The DLA growth was first studied through computer simulations [1] and then some real examples were found physicochemically [15, 16] . A DLA colony of B. subtilis would be the first biological DLA example so far [9] . Recently fractal geometry has been extensively applied to growth patterns of various kinds of bacteria other than B. subtilis, including Serratia marcescens [17] , Streptomyces griseus and Ashbya gossypii [18] , Clostridium acetobutylicum [19] , and B. pumilus [20] . Several growth models such as DLA, ballistic aggregation, and Eden have also been studied or discussed on these bacteria [19, 20] .
This study showed that B. subtilis cells grew predominantly obeying a simple physical law, the diffusion, at the low limit of the nutrient concentration. This suggests that any microorganism would basically grow according to the DLA process under such poor nutrient conditions. However, there are few typical examples of bacterial DLA growth for other species under such conditions. This is because the growth mechanism of bacterial colonies other than the DLA process, such as surface tension of cells and the mode of cell division, which are characteristic to the organisms, would also participate in the colony formation.
An Eden colony was observed on an agar plate with a nutrient concentration much higher than that of the DLA colony. For the colony formation of the Eden type, the spontaneous and random proliferation of the cells at the perimeter of a colony is considered to overcome predominantly the DLA process through the diffusion of nutrient. Thus, this growth type of a colony would be similar to the development of tumor by the random proliferation of tumor cells. The cells of this 166 colony were vegetative in form. This means that these cells grew with a good supply of nutrients. The growth mechanism for the mosaic pattern in the interior of the colony is unknown. DBM colonies were grown on agar plates with an agar concentration lower than that of the DLA type. Flagella of the organism, which are related to cellular motility, are indispensable for this type of growth as well as spreading without any openings [21] . From its regulated morphology the DBM growth cannot be understood by the diffusion of randomly walking particles alone [22] . The mechanism of DBM remains to be solved.
Periodic precipitation of inanimate matters are well-known to form a Liesegang ring pattern [23] .
The periodic colony pattern of B. subtilis is thought to be dissimilar to the Liesegang ring pattern [12] . The periodic colony growth on a plate was also observed in Proteus mirabilis, which is known as a swarming bacterium [24] [25] [26] , and the genus Penicillium [27, 28] . Proteus cells possess many flagella during migration. During consolidation, the cells divide for a period of time before producing another generation of cells [26] .
The periodic colony growth of Penicillium also caused the repetition of two stages; one is the period that the mycelium of the organism advances rapidly on an agar prate, and the other is the period in which conidia are formed and colony growth is suppressed [27] . For B. subtilis, cells located at the ring and between rings were both vegetative cells. The mechanism of the periodic colony growth of B. subtilis remains unknown. It may be related to the diffusion of nutrient particles in the agar and the rate of the colony growth.
The genus Bacillus, especially B. subtilis, often show variations in colony morphology [29] . In this study, B. subtilis cells derived from crater-shaped and rough colonies on nutrient agar plates (Nissui Pharmaceuticals, Tokyo, Japan) grew to typical DLA colonies. These cells were able to grow periodically, but did not show the typical periodic growth. Cells from colonies (of the same strain) with a flat and not so rough morphology on the nutrient plates grew periodically, as shown in Fig.  8 , and they did not grow to typical DLA colonies. The reason for this difference between colonies of the same strain is not understood.
Each growth pattern of B. subtilis must be studied intensively. The various kinds of microbial colony morphology and their growth mechanisms remain to be studied further [30] .
